Layered transition metal dichalcogenides MoTe2 and WTe2 share almost similar lattice constants as well as topological electronic properties except their structural phase transitions. While the former shows a first-order phase transition between monoclinic and orthorhombic structures, the latter does not. Using a recently proposed van der Waals density functional method, we investigate structural stability of the two materials and uncover that the disparate phase transitions originate from delicate differences between their interlayer bonding states near the Fermi energy. By exploiting the relation between the structural phase transitions and the low energy electronic properties, we show that a charge doping can control the transition substantially, thereby suggesting a way to stabilize or to eliminate their topological electronic energy bands. Because of the layered structures of TMDs, several polymorphs can exist and show characteristic physical properties depending on their structures 8 . A typical TMD shows the trigonal prismatic (2H) or the octahedral (1T ) structures 9-12 . For MoTe 2 and WTe 2 , the 2H structure (α-phase, P 6 3 /mmc) is a stable semiconductor while the 1T form is unstable 7,13 . The unstable 1T structure turns into the distorted octahedral one (1T ′ ) 7,14 . The stacked 1T ′ single layer forms a threedimensional bulk with the monoclinic structure (β-phase, P 2 1 /m) or the orthorhombic one (γ-phase, P mn2 1 ) (see Fig. 1 ) [15] [16] [17] . Interestingly, the β phase with a few layers is a potential candidate of QSH insulator 7 and the bulk γ phase shows type-II Weyl semimetalic energy bands 4,18,19 , respectively. Since the structural differences between β and γ phases are minute (∼4
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Because of the layered structures of TMDs, several polymorphs can exist and show characteristic physical properties depending on their structures 8 . A typical TMD shows the trigonal prismatic (2H) or the octahedral (1T ) structures [9] [10] [11] [12] . For MoTe 2 and WTe 2 , the 2H structure (α-phase, P 6 3 /mmc) is a stable semiconductor while the 1T form is unstable 7, 13 . The unstable 1T structure turns into the distorted octahedral one (1T ′ ) 7, 14 . The stacked 1T ′ single layer forms a threedimensional bulk with the monoclinic structure (β-phase, P 2 1 /m) or the orthorhombic one (γ-phase, P mn2 1 ) (see Fig. 1 ) [15] [16] [17] . Interestingly, the β phase with a few layers is a potential candidate of QSH insulator 7 and the bulk γ phase shows type-II Weyl semimetalic energy bands 4, 18, 19 , respectively. Since the structural differences between β and γ phases are minute (∼4
• tilting of axis along out-of-plane direction in β phase with respect to one in γ phase), the sensitive change in their topological low energy electronic properties is remarkable and the transition between different structures can lead to alternation of topological properties of the system.
A phase transition between the β-and γ-phase in the layered TMDs has been known for a long time 16, 20 . MoTe 2 shows a first-order transition from the β-to γ-structure at around 250 K 20 when temperature decreases. WTe 2 , however, does not show any transition and stays at the γ-phase 21, 22 . Since the structural parameters of a single layer of 1T ′ -MoTe 2 and 1T ′ -WTe 2 are almost the same 15, 17, 23 and Mo and W belong to the same group in the periodic table, the different phase transition behaviors are intriguing and origins of the contrasting features are yet to be clarified.
To understand the phase transition, the proper treatment of long and short range interlayer interaction in TMDs is essential. Most of the theoretical studies, however, fail to reproduce the experimental crystal structures of the two phases of MoTe 2 and WTe 2 so do their topological electronic structures using crystal structures obtained from ab initio calculations [24] [25] [26] [27] [28] [29] [30] . Instead, the atomic structures from experiment data are routinely used to understand and predict the low energy electronic properties 4, 18, [31] [32] [33] [34] [35] . This is because the calculated lattice parameters, especially interlayer distance, by using the conventional first-principles calculations 19, 24, 25, 36 [even with advanced empirical van der Waals (vdW) interaction correction schemes 24, 29, 36 ] hardly reproduce the (a) (b) observed distances. Since the interlayer interaction governs the phase transition as well as structural properties, a successful description of interlayer interactions is required to understand or predict electronic structures and topological properties. Motivated by the current situation of experiment and theoretical studies, we perform ab initio calculations using a new vdW density functional method for the interlayer interaction 37 and analyze the existence and absence of the first-order structural phase transition related with various low energy topological electronic properties of MoTe 2 and WTe 2 .
Here we first compute crystal structures of the both compounds based on an advanced self-consistent density functional method for the vdW interaction 37 and obtain the best agreement with the available crystal structures in experiments. Then we show theoretically that MoTe 2 and WTe 2 have distinct structural phase transitions because their interlayer bondings differ depending on valence electron configurations of transition metals. A critical role of low energy electronic states for crystal symmetry is further demonstrated by showing that an external charge doping can alter the structural phase transition significantly. From this, our results in this Rapid Communication can provide a firm computational and theoretical basis for future development in discovering and engineering various topological electronic states in layered materials.
Our ab initio calculation method employs the projector-augmented wave method 38 as implemented in the Vienna Ab-initio Simulation Package (VASP) 39, 40 . We use the plane-wave cutoff of 450 eV and the 32×16×8 Monkhorst-Pack meshes for the Brillouin zone integration to achieve the convergence criterion of 0.1 meV in total energy difference (∆E γ−β ) between β and γ phase. The spin-orbit coupling (SOC) effect is included in all calculations and on-site Coulomb repulsion (U ) 41 is considered for the specific cases. These parameters are fully tested to achieve a desired accuracy for the calculations, and the energy and force are converged with thresholds of 10 −6 eV and 5×10 −3 eV/Å, respectively. On top of the conventional calculation method, we use a vdW density functional (rev-vdW-DF2) method which is recently proposed by one of the authors 37 , where the revised Becke exchange functional (B86R)
42 is adopted for exchange functional together with the second version of nonlocal vdW-DF (vdW-DF2)
43,44 as a nonlocal correlation. The rev-vdW-DF2 improves the description of the attractive vdW interaction resulting in the most accurate interlayer distances of layered materials over the various other vdW calculation methods 36, 45, 46 . The electron and hole dopings are simulated by adding and removing the electron and the background charge is added to keep the charge neutrality. To evaluate the vibrational energy and entropy, we use the harmonic approximation as implemented in PHONOPY package 47 where the vibrational frequencies are obtained from the force constant matrix of the fully relaxed geometries using numerical derivatives of the rev-vdW-DF2 energies.
The atomic structures obtained from our calculation match the available experiment data very well. The calculated structural parameters of MoTe 2 in the β phase (hereafter called β-MoTe 2 ) are summarized in Fig. 2 Tables SI and SII 36 ). The comparison between the optimized lattice parameters using the various vdW functionals and experiment data for the β and γ phases are also illustrated, respectively. We note that the inclusion of SOC improves the accuracy marginally (see Fig. 2 , Tables SI and SII 36 ). Among the various vdW correction schemes, we found that the rev-vdW-DF2 outperforms several other functionals. The calculated equilibrium unit cell volume using our method yields 306.5Å 3 for the β-MoTe 2 and 307.0 and 312.1Å
3 for the γ-MoTe 2 and γ-WTe 2 , respectively, in very good agreement with experimental value of 303.6, 305.9, and 306.6Å
3 , respectively. These are only larger by 1.0, 0.4, and 1.8 % than those from experiment, respectively. From the fully optimized structures for both phases, we find that the shortest interlayer distance between Te atoms (denoted by d 2 in Fig. 1 ) changes negligibly between the two phases while other distances (d 1 and d 3 ) vary significantly (see Fig. 1 and Table SIII 36 ).
As the temperature increases, the stable γ-MoTe 2 at the low temperature undergoes a first-order phase transition to the β phase 16, 17, 20 while WTe 2 stays in the γ phase 21, 22 . These observations are consistent with our total energy calculation including the vdW interaction. We found that the γ phase is energetically more stable than the β phase by ∆E γ−β = 0.40 and 0.46 meV per unit cell for MoTe 2 and WTe 2 , respectively, in good agreement with recent other studies 29, 30 . For MoTe 2 , the transition state is unstable by 0.75 and 1.15 meV per unit cell than the β-and γ-phase, respectively, indicating β-MoTe 2 is metastable state, while WTe 2 shows no energy barrier, implying that β-WTe 2 does not exist [see Fig. 3(a) ]. An atomic structure of the hypothetical β-WTe 2 is assumed to follow β-MoTe 2 . We also calculated the free energy of each system without U and found that the structural phase transition occurs at around 150 K for MoTe 2 and no transition for WTe 2 , compatible with the experiment [ Fig. 3(b) ].
Recent studies 13, 48 show that the insulating behavior of a few layers of MoTe 2 and WTe 2 are not described well within the mean-field treatment of Coulomb interactions. This implies a critical effect of many-body interaction. Thus, we further add the local Coulomb repulsion of U on top of our rev-vdW-DF2 method to reproduce the finite energy band gap obtained from previous hybrid density functional calculations 13, 36 . We set U to be 5.0 and 3.0 eV for Mo 4d and W 5d orbitals, respectively 36 and obtain further increasing ∆E γ−β = 1.9 and 1.0 meV per unit cell for MoTe 2 and WTe 2 , respectively. We note that inclusion of U stabilizes the γ phase of both materials while the transition energy barrier for MoTe 2 decreases with increasing U [ Fig. 3(a) ].
In Fig. 4 , we show the low energy electronic bands near the Fermi energy (E F ) for two different phases of . The estimated band width along Γ-A for those two bands of MoTe 2 is four times larger than the width of WTe 2 . These apparent differences between the two compounds are found to originate from the fact that WTe 2 has a quite smaller contribution of p orbital of Te atoms to the first two valence states compared to that of MoTe 2 ( Fig. S2  36 ] ). We also calculated the whole band structures again using a semilocal correlational functional (Fig. S3 36 ) instead of the rev-vdW-DF2 while keeping the fully relaxed atomic structures to check the effect of vdW functional on the energy band structures. Changes in the band structures are found to be minimal agreeing with previous studies 49, 50 . Since the calculated total energy difference between the two phases is very small, we do not expect significant changes between energy bands of different phases. Indeed, as shown in Figs. 4 and S4 36 , there are little modifications in the band structures between the two phases of MoTe 2 (WTe 2 ) except that all bands in the β phase split into spin-polarized ones in the γ phase due to its broken inversion symmetry. However, in MoTe 2 , there is a small but important variation in the band structures with the transition: The partially occupied valence bands related with the interlayer antibonding states (ψ 1 and ψ 2 ) in the β-MoTe 2 move down in energy (are steadily occupied) along the transition pathway to the γ-MoTe 2 while the corresponding states in the β-WTe 2 does not (Figs. 4 and  S4 36 ). The increase in the occupancies in the first two valence bands stabilize the antibonding states along the elongated distance of d 1 51 . This is made possible because there is a net charge transfer from the intralayer bonding states around the Y -point to the interlayer anti-bonding states near the E F as shown in Fig. S4 36 . This costs energy and explains the metastability of the β-MoTe 2 . Since those bands in WTe 2 are all occupied, there is no metastable phase for the WTe 2 .
Considering the crucial role of occupancy of the interlayer bonding states near the E F , we expect that the external doping can control the structural phase transition. Indeed, we find that the hole (electron) doping can stabilize the β(γ) phase of both compounds as shown in Fig. 5 . The amount of doping density that is necessary to invert the direction of phase transition is about 1.0×10 20 cm −3 . We note that few recent experiments 5, 6 can achieve such a level of doping for thin TMD flakes. It is anticipated that the in-situ charge or hole injection can turn on and off QSH insulating phase and WSM states, respectively. We also note that only electron doping can push the E F to the Weyl points of WSM states because hole doping destroys the γ phase. Lastly, we comment on the existence of Weyl points calculated from our ab initio atomic structures of both compounds. For γ-MoTe 2 and γ-WTe 2 , all the bands are split into spin polarized ones thanks to the broken inversion symmetry and SOC [Figs. 4(b) and 4(d)]. As already shown by other studies 18,32 , we also find eight Weyl points of γ-MoTe 2 in the k z = 0 plane (see Fig.  S5 36 ). Unlike the robust Weyl points in γ-MoTe 2 , the slight overestimation of a and c axes (by 0.5 and 1.0%) in our calculation for γ-WTe 2 [see Fig. 2(b) ] merges the topological Weyl points with the opposite chiralities 4 , highlighting their sensitivity on the detailed structure parameters. We can recover the eight Weyl points in the k z = 0 plane of γ-WTe 2 under biaxial strain (a and c) of −1.5% (see Fig. S6 36 ). In conclusion, using an advanced ab initio calculation method for the vdW interaction, we computed accurate lattice structures of MoTe 2 and WTe 2 and uncovered origins of their disparate structural phase transition phenomena. We showed that the slight differences in low energy states related with the interlayer bondings are shown to be pivotal in determining the symmetry of bulk crystals. Since the structural transition intertwines their QSH phase and WSM states, our results shed light onto understanding delicate interplay between topological electronic properties and crystal structures. Furthermore, we find that the electron and hole doping alter the structural phase transitions, opening a way to control the topological electronic properties of layered TMDs using available experiment techniques.
We thank Dr ). In the monolayer limit of ∆h = 8.0Å[(e) and (j)], the topmost valence band state [denoted by ψ1 and ϕ1 in (e) and (j), respectively] is hybridized state of px orbital of the lower Te atom [denoted by Te i in Fig. 1 of the main text] and d z 2 orbital of transition metal atom. The next valence band state [ψ2 and ϕ2 in (e) and (j), respectively] is a hybridization of pz orbital of Te i and dxz orbital of transition metal atom. As decreasing interlayer distance from the monolayer limit to the bulk (∆h = 0.0Å) limit, these states are further hybridized due to the interlayer interaction and split into bonding and anti-bonding states along the Γ-A direction. It is noteworthy that the px and pz orbital character in ψ1 and ψ2, respectively, are much stronger in MoTe2 than those orbital character of ϕ1 and ϕ2 in WTe2. This explains the smaller band width (along Γ-A) in WTe2 compared with the width in MoTe2. Most importantly, since the pz orbital character in the ψ2 state, the splitting is much larger than that of the ψ1. As a result, for MoTe2, the anti-bonding ψ2 state with pz orbital becomes the topmost valence band state as seen in (a). For WTe2, however, owing to the reduced p orbital contribution compared to that of MoTe2, ϕ1 and ϕ2 are not reversed in the bulk limit as shown in (f). ). For the comparison, band structure of the rev-vdW-DF2 method is also plotted by red solid lines. There is no significant changes in the band structures especially in the valence states. 
